We examined the effects of metallic silver island films on resonance energy transfer (RET) between a donor and acceptor bound to double helical DNA. The donor was 4Ј,6-diamidino-2-phenylindole (DAPI) and the acceptor was propidium iodide (PI). Proximity of the labeled DNA to the silver particles resulted in a dramatic increase in RET as seen from the emission spectra and the donor decay times. Proximity to silver particles results in an increase of the Förster distance from 35 Å to an apparent value of 166 Å . These results suggest a new type of DNA hybridization assays based on RET over distances much longer than the free-space Forster distance.
INTRODUCTION
by the magnitude of the Förster distance (R 0 ). For the most favorable case of high spectral overlap and high donor (D) quantum yield, the maximum value of R 0 is Fluorescence resonance energy transfer (RET) 4 is widely used in studies of biological macromolecules, near 55 Å for organic fluorophores and up to 90 Å for lanthanide donors [22] [23] [24] . Because of the upper limit medical research, and clinical testing. The use of RET in studies of biological structures has been reviewed on R 0 it is difficult to use RET in sandwich immunoassays when the Ds and acceptors (As) may be more than 100 [1] [2] [3] [4] . RET is used to study protein folding and assembly [5] [6] . RET is also frequently used to study membranes Å apart. Also, for RET between Ds and As in DNA must be spaced more closely than ϳ30 base pairs. [7, 8] and carbohydrates [9, 10] . In addition to these structural applications, RET is now widely used to study a wide
We now describe a new approach to increasing the distance for RET. It is known that metallic surfaces and range of macromolecule associated reactions, including DNA hybridization [11, 12] , DNA folding [13] [14] [15] [16] , prosubwavelength size metallic particles can alter the spectral properties of fluorophores [25] [26] [27] . More specifically, tein clustering in membranes [17] , calcium indicators [18] , proximity imaging on cells [19] , and immunoassays fluorophores close to metallic particles have been predicted to display increased rates of radiative decay [28-[20,21] . In all cases the usefulness of RET is determined 31] and increased rates of resonance energy transfer [32, 33] . In the case of RET the rate of energy transfer 1 University of Maryland Baltimore, Center for Fluorescence Spectroshas been predicted to increase by 100-fold at distances in bulk solution. The expected effects of metallic surfaces decays were measured in the frequency-domain using instrumentation described previously [37, 38] . The excitaon fluorescence have recently been reviewed [34] and some of these effects experimentally confirmed [35] . In tion wavelength of 360 nm was obtained from the frequency-doubled output of a 3.80-MHz cavity dumped the present report we examine the effects of silver island films on RET between Ds and As bound to double heliPyridine 2 dye laser with a 10 ps or less pulse width. For the frequency-domain measurements the emiscal DNA.
sion was observed through a 460 nm interference filter. For all steady state and frequency-domain (FD) measurements the excitation was vertically polarized and the MATERIALS AND METHODS emission was observed through a horizontally oriented polarizer to minimize scattered light. The FD intensity Calf thymus DNA was obtained from Sigma and dissolved in 50 mM Tris buffer, pH 7, to a concentration decay were analyzed in terms of the multiexponential model of 2 mM in base pairs using 13,300 M Ϫ1 cm Ϫ1 per base pair. DAPI and propidium iodide (PI) were obtained from 
Procedure for Making Silver Nanoparticle Films
The mean decay time is given by Silver islands were formed on quartz microscope
. The use of quartz provided UV transmission and less autofluorescence than glass. The quartz slides were soaked in a 10:1 (v/v) mixture of H 2 SO 4 (95-98%)
The amplitude-weighted lifetime is given by and H 2 O 2 (30%) overnight before the deposition. The
(4) slides were washed with distilled water and air-dried before use. Silver deposition was carried out in a clean
There is frequently confusion about the use of life-30-ml beaker with a Teflon-coated stir bar. To a fast times to determine the transfer efficiency. Let I D (t) and stirring silver nitrate solution (0.22 g in 26 ml of Millipore I DA (t) represent the intensity decay of the D in the absence water), eight drops of fresh 5% NaOH solution were and presence of the A, respectively. The transfer effiadded. Dark-brownish precipitates formed immediately.
ciency (E) can be calculated from the integrated area Less than 1 ml of ammonium hydroxide was then added under the intensity decays drop by drop to redissolve the precipitates. The clear solution was cooled to 5ЊC on an ice bath, followed by soaking the cleaned and dried quartz slides in this solu-
tion. At 5ЊC, a fresh solution of D-glucose (0.35 g in 4 ml of water) was added. The mixture was stirred for 2
After analysis in terms of the multiexponential model min. Subsequently, the beaker was removed from the ice (Eq. 1), these areas are proportional to the amplitudebath and allowed to warm up to 30ЊC. The color of the weighted lifetimes calculated using Equation 4. Hence, mixture turned from yellow-greenish to yellow-brown. the transfer efficiency is given by The color of the slides became greenish. The slides were removed and washed with water and bath sonicated for
1 min at room temperature. After rinsing with water the slides were stored in water for several hours before the experiments.
where ͗ DA ͘ and ͗ D ͘ are calculated from the multiexponential analysis of the D decays in the absence and presEmission spectra were obtained using a SLM 8000 spectrofluorometer using 360 nm excitation. Intensity ence of A, respectively.
THEORY Single Forster Distance
The rate of RET between a D and an A is given by
where 0 is the donor decay time in the absence of A, r is the D-to-A distance, and R 0 is the Forster distance at which the rate of energy transfer is equal to the inverse decay rate (1/ 0 ) or equivalently the distance at which RET is 50% efficient. One can assume that in the case of Ds and As randomly bound to DNA, the D intensity decay is given by [40] [41] [42] where
The top figure shows the experimental geometry.
k where i1 (t) and i2 (t) refer to the populations with R 01
, L i ͬ (9) and R 02 , respectively. The decay functions i1 (t) and i2 (t) were calculated using the expression
, where i are the decay times associated with each component in the D decay (Eq. 1), assumes the Ds and As are distributed on a one-dimensional lattice, where C 0 ϭ (2R 0 ) Ϫ1 and C A is the A concentration, is the density of lattice points, i ϭ (t/ i )(R 0 /r min ) 6 with r min denoting the minimum D-A distance, and ␥(a,x) is the incomplete gamma function. In this analysis we use the intensity decay of the D in the absence of A (␣ i and i values) are fixed parameters.
For the initial analysis we used Eq. 6 to calculate the single apparent value of R 0 using the known A density as a constant. If the A concentration is known, the D decay can be used to determine the Forster distance R 0 . The fixed parameters were the base pair length 3.4 Å and r min ϭ 12 Å . Additional details are available [41, 42] .
Two Forster Distances
We analyzed the data in terms of two Forster distances, one assigned to the bulk solution (R 01 ) and the second due to Ds and As in close proximity to the silver particles (R 02 ). In this case the intensity decay was given by between two silver island films. The DNA concentration was 2 mM/ bp. The concentrations of DAPI and PI were 1.5 ϫ 10
bp) and 1.5 ϫ 10 Ϫ4 (0.075/bp), respectively. log ij (t)ϭϪ
Silver particles were obtained by chemical reduction of silver onto quartz slides [36] . If the mass thickness of with C 0j ϭ (2R 0j )
Ϫ1 ij ϭ (t/ i )(R 0j /r min ) 6 . We assumed the deposited silver is kept near 40 Å the silver particles that the D decay times i were the same for both populahave subwavelength dimensions and display a charactertions. The quantities g 1 and g 2 represent the time zero istic surface plasmon absorption (Fig. 1) . From studies amplitudes of the intensity decays of the respective popuof the absorption spectra of dyes between two such silver lations and were normalized so that g 1 ϩ g 2 ϭ 1. The island films we found the sample thickness to be near 1 relative contributions of the time-integrated intensity to 1.5 m [35] . decays were calculated as
To study the effect of silver islands on resonance energy transfer we used double helical calf thymus DNA that was labeled with Ds and As. All labeled DNA were in the double helical form. The Ds-alone DNA is DAPI-
DNA, the A-alone DNA is PI-DNA, and the DNA labeled with both D and A is referred to as DAPI-PI-DNA. The effects of the silver island films on DNA labeled with only the DAPI D or only the PI A are shown in Figure 2 . In the case of DAPI-DNA the intensity is only where I D (t) is given by Eq. (10) (It is easy to see that F 1 ϩ F 2 ϭ 1.) slightly changed when placed between quartz plates or between silver island films. An unchanged intensity is sion is negligible. The larger effect of the silver island film on PI-DNA is consistent with its lower quantum expected for high quantum yield fluorophores [35] . In the case of PI-DNA there is a ϳ2-fold increase in the PI yield near 0.15 compared with 0.53 for DAPI-DNA [42] . It is known that metallic surfaces can increase the intenintensity. With the 360 nm excitation wavelength for the D, the A absorbs weakly and the directly excited A emissity of low quantum yield fluorophores and that the maxi- mum enhancement is 1/Q, where Q is the quantum yield decay time ͗ D ͘ ϭ 1.58 ns was reduced to ͗ DA ͘ ϭ 0.80 ns in the presence of PI, suggesting a transfer efficiency in the absence of metal [29] . The extent of energy transfer is consistent with the R 0 value of ϳ35 Å for this D-A of 49% (Table I ). In the presence of silver islands the amplitude-weighted decay time is reduced from ͗ D ͘ ϭ pair [42] . Based on the extent of A labeling of 1 per 13 base pairs, and 3.4 Å per base pair in the DNA helix, the 1.10 ns to ͗ DA ͘ ϭ 0.24 ns, which corresponds to a transfer efficiency of 78%. Control measurements showed the A molecules are on average 45 Å apart.
Next, we examined DAPI-DNA donor and DAPIabsence of scattered light in all these measurements. The increase in energy transfer also suggests the DNA remains PI-DNA D-A system between quartz plates without and with silver island films. The spectra in Figure 3 clearly in the double helical form in the presence of silver islands. If the double helix were disrupted, the probes would no shows a larger decrease of the D emission in presence of silver islands. Consequently, the PI A displays stronger longer bind to DNA and the extent of energy transfer would decrease. sensitized emission on silver islands than on quartz only (Fig. 3) . However, it is difficult to calculate the energy We analyzed the frequency-domain D decays in terms of the apparent Forster distance. This was accomtransfer efficiency from these spectral data. In our frontface geometry used for measurements, even small displished by analyzing the D decay using Eq. 8. The A concentration was held constant at 0.075 A per base pair placements may cause additional errors in the intensity reading. In contrast the lifetime measurements are practiand the values of R 0 were allowed to vary to obtain the best fit to the data (Fig. 6 ). The value of R 0 ϭ 32.5 Å cally independent on experimental geometry. We also present energy transfer effects in ratiometric form, where obtained for quartz plates without silver is close to that calculated for this D-A pair, R 0 ϭ 35.7 Å . Importantly, the spectra are normalized to the D emission (Fig. 4) . Calculation of energy transfer will be done directly from the apparent value of R 0 increased more than 2-fold to 73.6 Å for the sample between the silver island films. lifetime measurements.
The emission spectra of D-A-labeled DNA are We note that this is an apparent R 0 value. Examination of this fit (Fig. 6 , lower panel) reveals that the frequencyshown in Figure 4 for various PI concentrations. As the PI concentration increased, its emission become stronger domain intensity decay could not be fit to a single R 0 value. This suggests the presence of at least two populafor both without and with silver samples. However, the emission from PI in the presence of the silver island films tions of D-A pairs, with the pairs at optimum distance to the silver islands displaying a larger R 0 value. It is is ϳ5-fold more intense. The silver island film had a smaller 2-fold effect on A-only DNA (PI-DNA). These important to recognize that the 2-fold increase in the apparent value of R 0 represents a minimum estimate of results suggest an increase in the efficiency of RET from DAPI to PI due to proximity to the silver islands.
the effect of the silver islands on RET. We expect the active space near the silver islands extend ϳ200 Å into An increase in energy transfer from DAPI to PI is expected to result in a decrease in the DAPI decay time.
the solution. Assuming a sample thickness of 1 m, only ϳ4% of the sample is within the active value. We believe Frequency-domain intensity decays of the DAPI donor are shown in Figure 5 . The dashed lines in each panel the fraction of the total emission from the D-A pairs close to the silver islands is greater than 4% due to selective show the DAPI decays in the absence of the PI A. In the absence of silver islands the D-alone amplitude-weighted excitation near the particles due to the concentrated exci- a Q , Between quartz plates without silver; S, between quartz plates with silver.
The uncertainties in the phase angles and modulations, for the least squares analysis, were taken as 4 p ϭ 0.4Њ, m ϭ 0.01, respectively. We analyzed the frequency-domain D decay for the sample between silver island films in terms of two Forster distances (Fig. 7) . The value of R 01 was held constant at the values found for the sample between the quartz plates without silver island films. The use of a second Forster distance, R 02 , resulted in a greatly improved fit with the value of 2 R decreasing more than 10-fold from 71.3 to 6.4 (Table II) . The second R 0 value was found to be remarkably large, 165.7 Å . Examination of the 2 R surface (Fig. 8) showed that this value was determined with good certainty from the data and is most likely to be within the range from 158 to 176 Å . This range of values was calculated for one standard deviation (P ϭ 0.32) with two variable parameters and 25 degrees of freedom [43] . We note that the sample is characterized by a range of distances of the DNA from the metal particles, so that this second larger R 0 value represents a weighted average of the R 0 values for our experimental configurations.
The recovered fraction of molecules with a larger R 0 value (21%) is larger than the estimated active volume near the silver island film (4%). Possibly, other effects such as microcavities created by two silvered slides play an additional role. The use of DNA arrays on metallic surfaces could provide 
